Acute purulent infection of the meninges is the most common infection of the central nervous system, with a yearly incidence of about 3 in 100,000 inhabitants in industrialized countries (8, 22, 24) . More than 95% of cases of bacterial meningitis are caused by one of the following bacteria: Neisseria meningitidis, Streptococcus pneumoniae, Streptococcus agalactiae, Staphylococcus spp., Escherichia coli, Haemophilus influenzae, and Listeria monocytogenes (22, 24) . The identification of the pathogen from cerebrospinal fluid (CSF) usually takes 1 to 2 days by culture. Moreover, culture frequently remains negative, especially if the CSF is taken after initiation of antimicrobial therapy (8) . Since the outcome of infection depends highly on an early initiation of adequate therapy (8, 26) , new rapid diagnostic methods are urgently needed (25) .
In the recent past, PCR assays have been developed for the specific detection of bacteria causing meningitis such as N. meningitidis (16, 21) , S. pneumoniae (11, 29) , and S. agalactiae (10) . Several studies have demonstrated the usefulness of eubacterial broad-range PCRs for the diagnosis of bacterial meningitis (3, 6, 13, 14, 23) . However, most published PCR protocols were either time-consuming or did not facilitate species diagnosis of the bacterial pathogens. Therefore, in this study, a broad-range real-time eubacterial LightCycler PCR assay for the detection of all relevant bacteria causing meningitis was evaluated. In addition, a panel of previously published speciesand genus-specific real-time LightCycler PCR assays (30) was evaluated by use of CSF samples for the first time.
Fluorescence in situ hybridization (FISH) using fluorescently labeled oligonucleotide probes complementary to unique target sites on the rRNA has already been successfully implemented in the field of clinical microbiology. Examples are the detection and identification of pathogens in blood cultures, tissues, and cell cultures (2, 7, 12, 17, 19, 27) . FISH is a cheap and quick method that does not require costly technical equipment. It has a low risk of contamination, since it lacks a nucleic acid amplification step. Its utility for diagnosis of bacterial meningitis has, however, not been determined yet. Therefore, we defined a FISH probe set for the detection of bacterial pathogens in cerebrospinal fluid that includes previously published probes (2, 7, 12, 17, 27) as well as newly designed probes for the detection of N. meningitidis, E. coli, and Staphylococcus spp.
The two novel molecular approaches, the real-time PCR and the FISH technique, were evaluated on 141 clearly defined CSF samples, including 28 microscopy-and culture-positive and 113 microscopy-and culture-negative samples. In addition, 10 samples with discordant microscopy and culture results were included. Determination of analytical sensitivity. Serial 10-fold dilutions of control strains were prepared in pooled culture-negative CSF samples from patients without suspicion of bacterial meningitis. Quantities of viable bacteria were counted by plating the dilutions on sheep or chocolate agar. Slides for FISH and DNA samples for PCR were prepared as described below.
MATERIALS AND METHODS

Bacterial
Clinical specimens. For the clinical evaluation of PCR and FISH, CSF samples from patients with suspected bacterial meningitis were used which had been sent to our laboratory for routine diagnostics. Approximately 250 l of each CSF sample was inoculated on sheep blood agar and chocolate agar (Oxoid, Germany) and incubated at 36°C in room air supplemented with 5% CO 2 for 72 h. Identification of organisms isolated from CSF was achieved by Api (Api NH, Api 20 strep, Api Coryne, Api NH, Api CH50 Bacillus; BioMerieux, Germany). For staphylococci, diagnosis was based on typical morphology (color and hemolysis, etc.), positive catalase reaction, clumping factor, aurease detection, and growth on mannitol-salt-agar.
Preparation of microscopic slides. Microscopic samples for gram staining and FISH were prepared by cytocentrifugation of 75 l of CSF to a glass slide (1,200 rpm, 10 min) and subsequent fixation in 70% methanol for 3 min.
Gram staining was performed according to standard procedures, with carbolfuchsin as a counterstain. The amounts of bacteria, granulocytes, and lymphocytes were documented in a semiquantitative way in five grades (many, moderate, few, very few, or not present).
DNA isolation for PCR analysis. A minimum of 50 l of CSF of microscopynegative samples and 10 l of microscopy-positive samples or 200 l of spiked CSF samples for determination of analytical sensitivity was used for isolation of DNA. The DNA was prepared using the QIAamp mini kit (QIAGEN, Hilden, Germany) according to the instructions of the manufacturer. Total DNA was eluted in 50 l of AE buffer (QIAGEN) and stored at Ϫ20°C until measurement in the PCR.
Eubacterial LightCycler PCR. For detection of a broad spectrum of bacteria, a eubacterial 16S rRNA gene LightCycler PCR assay was established, using primers RW01 (5Ј-AACTGGAGGAAGGTGGGGAT-3Ј) and DG74 (5Ј-AGG AGGTGATCCAACCGCA-3Ј), which amplify a 360-to 380-bp fragment at the 5Ј end of the 16S rRNA gene (5) . The amplification mixture of the PCR consisted of 2 l of 10ϫ reaction mix (LightCycler Fast-Start master DNA, SYBR green; Roche Diagnostics, Germany), 4 mM MgCl 2 , 0.5 M concentrations of each primer, and 2 l of template DNA in a final volume of 20 l. Samples were amplified as follows: an initial denaturation step at 95°C for 10 min and 40 cycles of denaturation at 95°C for 0 s, annealing at 50°C for 10 s, and elongation at 72°C for 20 s. The temperature transition rate was 20°C/s. The generation of target amplicons for each sample was monitored during the elongation steps at 530 nm (LightCycler channel F1). Samples positive for the target gene were identified at the cycle number where the fluorescence exceeded the background. This cycle number, expressed as the crossing point (Cp), was determined automatically by the LightCycler software (version 3.5) according to the second derivative maximum method. Following the amplification phase, a melting curve analysis (starting at 50°C) was performed with a temperature transition rate of 0.1°C/s. A positive (1 ng of E. coli ATCC 25922 DNA) and a negative control, consisting of all PCR reagents described above and 2 l of PCR grade water (included in the Fast-Start master mix kit; Roche Diagnostics) instead of template DNA, were included in each PCR run. The master mix was prepared in a PCR cabinet with HEPA-filtered circulating air and intermittent UV irradiation, and the DNA of clinical samples as well as that of the controls was added in a separate room.
Species-and genus-specific LightCycler PCR assay. For identification of meningeal pathogens in microscopy-positive samples, specific hybridization probe LightCycler PCR assays were run (Table 1 ) using primers and probes published previously (20, 30) . Identification of enterococci and streptococci was achieved in the same PCR by melting curve analysis, since streptococci show a melting temperature of Ͻ60°C, E. faecalis shows a melting temperature of 70°C, and E. faecium shows a melting temperature of 63°C in the PCR assay (30) . PCR assays to be run on each sample were chosen according to the result of microscopy (morphology and Gram stain characteristics) by following an algorithm based on the Gram stain (see Table 3 ). This algorithm also considers the presence of gram-negative rods, although there were no samples with gram-negative rods included in this study. The PCR assays for the detection of E. coli, Enterobacteriaceae, Haemophilus influenzae, and Pseudomonas aeruginosa were published previously (30) . Amplification mixtures consisted of 2 l of 10ϫ reaction mix (LightCycler Fast-Start master DNA hybridization probes; Roche Diagnostics), 4 mM MgCl 2 , 0.5 M concentrations of each primer, 0.2 M concentrations of each oligonucleotide probe, and 2 l of template DNA in a final volume of 20 l. Samples were amplified as described above but with an annealing temperature of 54°C for the N. meningitidis-specific assay. The generation of target amplicons was monitored between the annealing and the elongation steps at 640 nm. Following the amplification phase, a melting curve analysis (starting at 40°C) was performed with a temperature transition rate of 0.1°C/s. Positive (the respective American Type Culture Collection strain) and negative controls, as described above, were included in each PCR run. The master mix was prepared in a PCR cabinet with HEPA-filtered circulating air and intermittent UV irradiation, and the DNA of clinical samples as well as that of the controls was added in a separate room.
DNA sequencing. PCR products of the eubacterial 16S rRNA gene PCR were sequenced with an Abi Prism 310 Genetic Analyzer (Abi Prism; Biosystems, Warrington, England) using a dye terminator cycle sequencing ready reaction kit (Abi Prism). The primers DG74 and RW01 (10 pmol each, see above) were used for sequencing of the forward and reverse sequences.
Selection and design of FISH probes. The previously published FISH assays were implemented as described previously (7, 12, 17, 18, 27) (Table 2) . New DNA probes were designed for N. meningitidis and E. coli using the ARB program package, freely available at http://www.arb-home.de/. Oligonucleotide probes were synthesized and directly 5Ј labeled with 5(6)-carboxyfluorescein-N- Table 2 ). In addition, a genus-specific PNA probe covering all staphylococci was designed and evaluated as described above. It was synthesized and directly 5Ј labeled with 5(6)-carboxyfluorescein-N-hydroxysuccinimideester by Metabion (Munich, Germany).
In situ hybridization with DNA probes was performed at 46°C using the hybridization and washing buffers described elsewhere (2, 15) . The stained samples were rapidly air dried, embedded, and examined with a Zeiss Axioplan 2 microscope. For the newly developed probes, the optimal hybridization stringency was determined for each probe by increasing the formamide concentrations in the hybridization buffer in increments of 5 to 10% and by lowering the salt concentration accordingly in the wash buffers. The final hybridization conditions are stated in Table 2 . In situ hybridization with PNA probes was performed at 56°C as described elsewhere (17) .
FISH of clinical samples was conducted according to an algorithm based on the Gram stain (Table 3) . FISH with DNA probes was always performed with a specific Cy3-labeled probe in combination with a fluorescein isothiocyanate (FITC)-labeled eubacterial probe (EUB 338) ( Table 2 ) and the 4Ј,6Ј-diamidino-2-phenylindole (DAPI) stain (Hoechst, Germany). FITC-labeled PNA probes were implemented in combination with the DAPI stain. Samples were regarded positive if three typical bacterial structures producing positive results in all implemented staining techniques were detected.
Statistical analysis. Receiver operating characteristic (ROC) analysis was done by Statistical Analysis Software, version 8.2, SAS Institute.
RESULTS
Analytical sensitivity of the methods. The analytical sensitivity of the methods was determined using serial dilutions of bacterial suspensions in CSF. The eubacterial SYBR green PCR showed a very high sensitivity and even detected less than 25 CFU/ml CSF, using the Neisseria meningitidis and S. epidermidis reference strains. Serial dilutions of the DNA of these strains in sterile saline solution revealed positive PCR signals exceeding the negative control in samples with concentrations of as low as 10 fg DNA/PCR. The specific PCR assays with sequence-specific hybridization probes differed in sensitivity: the N. meningitidis-specific assay detected less than 25 CFU of N. meningitidis/ml spiked CSF, the Enterococcus/Streptococcusspecific assay detected 250 CFU of S. pyogenes/ml spiked CSF, and the S. aureus-specific assay detected 4,000 CFU S. aureus/ml spiked CSF (means of the results from three experiments). The analytical sensitivity of the other PCR assays in CSF was not determined. Data regarding the sensitivity of all PCR assays in sterile saline can be found in reference 30.
The analytical sensitivity of the FISH was comparable to that of the Gram stain (approximately 10 5 bacteria/ml CSF for all probes).
Evaluation of microscopy-and culture-negative CSF samples. One hundred thirteen CSF samples that remained negative by microscopy and culture were investigated by eubacterial PCR and FISH. When using the eubacterial SYBR green PCR, a background level of bacterial DNA was detectable in most PCR runs, which can be quantified by the Cp in the LightCycler software. To determine a reliable cutoff value for the discrimination of positive and negative samples, we performed a ROC analysis of the Cp values using the microscopyand culture-negative samples as "true negatives" and the microscopy-and culture-positive samples as "true positives." By this ROC analysis, samples with a Cp of Ͻ27.9 are scored as positive (Fig. 1 ). In addition, by investigating serial dilutions of the S. epidermidis reference strain, direct sequencing of the amplicon led to identification of the species in all samples with a Cp of Ͻ28.0. Applying the cutoff value of 27.9 for the Cp's of the negative samples, 108/113 samples were negative in the eubacterial PCR. In five PCR-positive samples, the PCR product was further characterized by DNA sequencing. In three of the five samples, sequencing of the amplicon revealed the presence of DNA of common causative agents of bacterial meningitis, i.e., Haemophilus influenzae (Cp of 25.6) in a patient with a CSF shunt and suspected bacterial meningitis following surgical removal of an adenocarcinoma of the nose, N. meningitidis (Cp of 23.9) in a patient with clinical meningococcal disease that was later confirmed by blood culture, and S. agalactiae (Cp of 24.5) in a newborn with suspected meningitis. In the remaining two samples (Cp of 27.4 and 27.7), however, the DNA could not be characterized any further, probably due to the presence of a mixture of DNA in these samples and the low concentration of DNA. Four of the five PCR-positive samples contained moderate or higher numbers of granulocytes, while only 14 of the 113 negative samples contained comparable numbers of granulocytes. All five corresponding patients received broad-spectrum antimicrobial therapy for at least 48 h before sampling of the CSF. FISH analysis using the FITC-labeled eubacterial PNA probe (Bac-Uni1) in combination with the DAPI stain was negative in all of these culture-and gram-negative samples.
Evaluation of microscopy-and culture-positive CSF samples. Samples that were positive by microscopy and culture were investigated by PCR and FISH according to an algorithm based on the Gram stain (Table 3) . Regarding PCR, all 28 samples investigated were positive in the eubacterial SYBR green PCR (see above) (Fig. 1) . In addition, we could correctly identify 26 of the 28 bacteria to the genus or species level, respectively, by the specific hybridization probe PCR assays ( Table 4 ). The two samples that could not be identified by specific hybridization probes contained gram-positive rods (Corynebacterium sp. and Bacillus sp.). However, by eubacterial 16S rRNA gene PCR and subsequent sequencing of the amplicon, we could identify the strains as Corynebacterium jeikeium and Bacillus cereus (98.8 and 100% homology to GenBank accession no. X84250 and AY138271, respectively).
Due to the limited amount of cerebrospinal fluid, only 18 positive samples were available for FISH analysis. FISH led to detection of bacteria in 13 of these samples (Table 4 ; Fig. 2 ). In 11 cases, the organism could be identified to the species level. Two samples were positive with the eubacterial probe but contained bacteria that were not covered by specific probes (Enterococcus faecalis and Corynebacterium spp.). Evaluation of samples with discordant microscopy and culture results. Ten samples with discordant results in microscopy and culture were included in the study. Nine of these samples contained moderate or higher numbers of granulocytes, indicating bacterial meningitis. The remaining sample still contained a few granulocytes. Three samples which were positive by microscopy but remained negative by culture were available for PCR analysis. They were investigated according to the algorithm in Table 3 . In two samples which showed grampositive diplococci with the Gram stain, the Enterococcus/ Streptococcus-specific PCR was positive for streptococci and the S. agalactiae-specific PCR was negative. In the third sample, which showed gram-negative diplococci with the Gram stain, the N. meningitidis-specific PCR was positive. In the first patient, who had visible gram-positive diplococci in the CSF, pneumococci were cultured in a blood culture taken at the same day as the CSF sample. In the other patient, the probable pneumococcal meningitis could not be confirmed any further. The patient with gram-negative diplococci in the CSF sample did show clinical signs of disseminated meningococcal disease. Only the CSF sample of the first patient was available for FISH. This sample was positive with both the EUB probe and the S. pneumoniae-specific probe.
Seven samples which were negative by microscopy but positive by culture were available for PCR (Table 5 ). The eubacterial PCR was positive for all samples, and the N. meningitidis PCR correctly detected two cases of meningococcal meningitis (Table 5 ). Due to the minimal amount of sample, only four of these samples were available for FISH. The eubacterial PNA FISH probe (Bac-Uni1) in combination with the DAPI stain was positive for three samples (Table 5) . After knowing the culture result, we also performed specific PCR and FISH FIG. 2. FISH detection of pneumococci in a CSF sample from a patient. The sample was stained by an S. pneumoniae-specific Cy3-labeled probe (Spn) (A) in combination with the FITC-labeled eubacterial probe (EUB 338) (B). As a further control, the DNA stain DAPI was implemented, which stained bacteria as well as the nucleus of a granulocyte (C). The overlay (D) demonstrates that the bacteria fluoresce in all channels, resulting in a white color, while the weak autofluorescence of the erythrocytes in the FITC and Cy3 channel results in a brown color.
probe assays for the identified species, the results of which are shown in Table 5 .
DISCUSSION
Bacterial meningitis is a life-threatening disease which requires rapid diagnosis and antimicrobial therapy. Novel molecular methods offer the opportunity to establish a quick and reliable diagnosis. We evaluated real-time PCR and FISH for their applicability to the diagnosis of bacterial meningitis.
For PCR analysis, a real-time LightCycler approach was chosen to maximize the speed of diagnostics. A eubacterial broad-range PCR assay, based on a previously published primer pair (5), was adapted to a real-time LightCycler PCR protocol using SYBR green as fluorescent dye. In comparison to specific hybridization probes, SYBR green offered the advantage that its fluorescence interferes to a lesser extent with sequencing reactions and thus allowed direct sequencing of the LightCycler PCR products. The eubacterial SYBR green PCR proved highly sensitive for the diagnosis of bacterial DNA in CSF samples. Due to this high analytical sensitivity of the eubacterial PCR and the ubiquity of bacterial DNA in reagents and plastic materials, etc., a background level of DNA was detected in most clinical samples. Therefore, we performed a ROC analysis of the crossing points of the measurements and determined a cutoff level for interpretation of samples. By applying this cutoff value, we even detected meningeal pathogens in three microscopy-and culture-negative clinical samples. Considering the clinical symptoms of the patients and the finding of granulocytes in the CSF, these results can be regarded as true positives. False-positive results were obtained in only 2/113 (1.8%) samples. Previously published hybridization probe LightCycler PCR assays (30) were, in addition, evaluated in terms of their utility to detect bacterial pathogens in CSF samples for the first time (Tables 1 and 3 ). The analytical sensitivity of the specific PCR assays in CSF was comparable to that previously published for DNA preparations in physiological saline (30) . Among all assays, the Staphylococcus spp.-specific PCR and the S aureus-specific PCR had the lowest analytical sensitivities. This may be a disadvantage of the assays, but, on the other hand, it lowers the risk of false-positive results due to traces of contaminating staphylococcal DNA. However, due to the low sensitivity of the S. aureus-specific PCR, three CSF samples with negative microscopy but cultural detection of S. aureus had false-negative results with the S. aureus-specific PCR assay (Table 5) . Nevertheless, in microscopy-positive samples, all specific PCR assays showed a diagnostic sensitivity of 100%, detecting all respective pathogens.
FISH has already been successfully implemented for the rapid detection and differentiation of various pathogens (7, 9, 12) . It had, however, not been evaluated on CSF samples before, probably because no probes for N. meningitidis had been available. In this study, a probe for N. meningitidis was newly introduced. Because the previously published probes for E. coli (9) showed rather weak fluorescence in preliminary experiments (data not shown), a new probe with strong binding activity was designed by consulting a publication on the accessibility of the ribosome (4). The newly designed probe showed bright fluorescence and only cross-reacted with Shigella species, which is inevitable, since Shigella and E. coli have identical 16S rRNA sequences. Due to the extreme rareness of Shigella as a cause of meningitis and the similar therapeutic options, this cross-reactivity is not regarded as relevant for the investigation of CSF. Also, with regard to sensitivity, we decided to implement PNA probes for the detection of staphylococci. FISH of staphylococci with DNA probes requires extensive permeabilization treatments and only stained about 50% of the bacterial cells (data not shown). PNA probes penetrate the cell walls more easily, since they are electrically neutral and shorter. In addition to a previously published probe for S. aureus, we designed a new genus-specific probe for staphylococci. This probe has only one mismatch to some Bacillus spp. and therefore cross-reacts with these bacteria. This cross-reactivity was regarded as not relevant, since staphylococci and Bacillus clearly differ in their Gram stain appearance.
The analytical sensitivity of the FISH method was comparable to that of the Gram stain, which had been expected, since both are slide-based techniques.
A eubacterial probe on a PNA base (Bac-Uni1) was chosen for the investigation of microscopy-and culture-negative samples to cover all bacteria, including those with a thick cell wall, like staphylococci. As expected from the experiments on the analytical sensitivity, the method did not allow the recognition of otherwise undetected pathogens. However, it did not produce any false-positive results, stressing the specificity of the FISH method.
When evaluating microscopy-and culture-positive CSF samples by FISH, 13 of 18 samples were judged positive (Table 4 ; Fig. 2 ). In the remaining samples, no bacteria were detected, neither with DAPI nor FISH staining. It is possible that the missed bacteria had a low metabolic activity and therefore a The negative DNA stain, however, argues for the hypothesis that too-low numbers of bacteria were present on these slides. Thus, the main reason for the relatively high number of FISHnegative samples is probably the uneven distribution of bacteria on the different slides. This is further supported by the fact that all positive samples missed by FISH showed only a low concentration of bacteria on the Gram stain. In addition, FISH was positive in three of four samples that were negative by Gram stain but positive by culture ( Table 5) . As a conclusion from this work, we propose an approach for the rapid diagnosis of meningitis that combines FISH and PCR based on the Gram stain. FISH is the method of choice for samples in which multiple bacteria are detected by Gram staining. In these cases, FISH allows the identification of the pathogen within 2 h. Advantages of the FISH technique are the low price and the little demands concerning technical equipment compared to PCR, which requires costly reagents and instruments, such as the LightCycler. The low price also makes FISH interesting for small laboratories, even in less industrialized countries. Due to its relatively low diagnostic sensitivity, the FISH method cannot be recommended for the work-up of samples with a low bacterial load that show no or very few bacteria in the Gram stain. Such cases can rapidly be solved by real-time PCR with very high sensitivity and specificity. For cases with low numbers of bacteria on the Gram stain, we propose implementing specific PCR assays according to the result of the Gram stain according to the algorithm used in this study (Table 3 ). In cases of negative microscopy, the eubacterial PCR may be combined with the specific PCR for N. meningitis to allow a quick decision on therapy and on prophylaxis of contact persons. Thus, two cases of meningococcal meningitis but negative Gram stain results (Table 5 ) could be detected in this study. The eubacterial PCR allows further identification of bacterial DNA due to sequencing of the PCR product, as shown previously (28) and in this study. Additionally, the eubacterial PCR can be used for the identification of bacteria that are not covered by the specific primers and probes. Taken together, PCR and FISH have the potential to considerably accelerate the diagnosis of bacterial meningitis. To benefit from the different advantages of PCR and FISH, both methods should be combined in a reasonable way.
